Tissue anoxia is the main mechanism of the shock reaction. Here, the effect of hyperoxygenated solution (HOS) on acute haemorrhagic shock was studied in rabbits. At 60 min after shock, rabbits were infused intravenously with hyperoxygenated solution at 10 (HOS1 group) or 20 ml/kg (HOS2 group) or with Ringer's solution at 10 ml/kg (RS group). Compared with values before shock, values after shock were lower for mean arterial pressure (MAP), more negative for base excess (BE) and higher for blood lactate (BL) and blood viscosity. After infusion, MAP declined more slowly in the HOS1 and HOS2 groups than in the RS group. At 30 and 60 min after infusion, arterial partial pressure of oxygen (PaO 2 ) and oxygen saturation (SaO 2 ) were higher and BE was less negative in the HOS1 and HOS2 groups than in the RS group, BL was lower in the HOS1 and HOS2 groups than in the RS group, and PaO 2 and SaO 2 were higher in the HOS2 group than in the HOS1 group. It was concluded that HOS infusion can rectify changes in vital signs more effectively than Ringer's solution after acute haemorrhagic shock in rabbits.
Introduction
Acute haemorrhagic shock is one of the main causes of death from trauma and bleeding. A series of shocks leads to ischaemia and hypoxia, and hypoxic metabolism is one of the pathological processes that leads to body injury. 1 In the early stages of shock, a variety of stress reactions appear. For example, the level of lactic acid in the blood increases, endothelial cells are injured, vasopermeability increases, exosmosis of body fluid occurs, blood viscosity increases and blood flow slows. All the above factors exacerbate hypoxia and ischaemia, and organ dysfunction may occur as a result. 2 -5 Currently, many patients die as a result of hypoxia in shock because there is no preparation that can improve circulatory volume promptly and provide high oxygen (O 2 ) concentrations at the same time. 6 Hyperoxygenated solution (HOS) contains a high concentration of dissolved O 2 . 7 Other than HOS, there are currently no fluids that a H Xu and LC Han are co-first authors and contributed equally to this work.
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Effects of hyperoxygenated solution in acute haemorrhagic shock can improve both convective (blood flow) and diffusive (O 2 tension) O 2 delivery. However, this kind of solution still lacks the experimental and theoretical bases to support its use in the early acute stages of haemorrhagic shock. The current study was, therefore, performed to observe the effect of HOS in rectifying the vital signs induced by acute haemorrhagic shock.
Materials and methods ANIMALS
A total of 33 male New Zealand white rabbits (weight 2.6 -3.2 kg), bought from the School of Stomatology of the Fourth Military Medical University (Xi'an, China), were used in this study.
The study was approved by the Ethics Committee for Animal Experimentation of the Fourth Military Medical University, Xi'an, Shaanxi Province, and was conducted according to its Guidelines for Animal Experimentation.
PREPARATION OF HOS
Preparation of the HOS was carried out as described previously. 7, 8 Medical O 2 was introduced into a medical HOS apparatus (Patent No. 922412936; Xi'an Medical Equipment Company, Xi'an, China). An inflow of O 2 at 3 l/min for 15 min was exposed to ultraviolet light at a wavelength of 180 -240 nm, during which a portion of the O 2 was transformed into ozone (O 3 ). The mixture of O 2 /O 3 was flowed into the airtight base solution (normal lactated Ringer's solution), thus forming HOS. The amount of O 2 dissolved in water is a linear function of the arterial partial pressure of O 2 (PaO 2 ) and contact time. In addition, the solubility coefficient of O 3 in water is 13 times that of O 2 ; the greater part of the dissolved O 3 will eventually decompose into O 2 . The O 2 then displaces the nitrogen (N 2 ) dissolved in the water. Because of these properties, the amount of O 2 dissolved in the water increases rapidly and the PaO 2 in freshly made HOS can increase from 149.63 to 682.50 -746.25 mmHg; the solution may contain 10 -20 mg/l of O 3 . The PaO 2 in the HOS prepared in the present study was measured with a Roche Compact 3 blood-gas analyser (AVL Medical Instruments, Schaffhausen, Switzerland). The content of O 3 in the freshly made HOS was determined by the indigo method as described by Bader and Hoigne, 9 with slight modification.
ANIMAL MODEL OF HAEMORRHAGIC SHOCK
The 33 rabbits were randomized into three groups, each containing 11 rabbits. All animals were housed in wire-bottomed cages at 24°C (room temperature) with a 12 h light : 12 h dark cycle and were fed standard chow and water. An animal model of haemorrhagic shock was then established in all animals using a modification of the method of Wiggers, described by Yao et al. 10 Anaesthesia was maintained with ketamine (100 mg/kg) given intramuscularly every 90 min. After the right femoral artery and carotid artery had been cannulated, all rabbits were allowed to stabilize for 15 min and were then bled from the arterial catheter for 2 -3 min until 45% of the blood volume had been withdrawn. This level of blood loss was maintained for 60 min either by further blood withdrawal or by reinfusing blood that had been withdrawn; the total amount of blood withdrawn was recorded.
TREATMENTS
After establishment of the haemorrhagic shock model, one of the three groups of rabbits received an intravenous infusion of Ringer's solution (10 ml/kg) in 5 min with an infusion pump via the auricular vein (RS H Xu, LC Han, W Gao et al. Effects of hyperoxygenated solution in acute haemorrhagic shock group); the remaining two groups were infused with HOS in a similar manner at 10 ml/kg (HOS1 group) or 20 ml/kg (HOS2 group). The animals were resuscitated 60 min after infusion of the test solution.
ARTERIAL BLOOD GAS AND MAP
Arterial blood (0.25 ml from each rabbit) was drawn at intervals to measure the PaO 2 , the arterial partial pressure of carbon dioxide (PaCO 2 ), pH and the saturation of arterial O 2 in haemoglobin (SaO 2 ). Base excess (BE) and blood lactate (BL) concentration were calculated before shock, 60 min after shock and 30 and 60 min after infusion of HOS. These values were determined at 37°C without correcting for body temperature. Mean arterial pressure (MAP) was recorded before shock, 60 min after shock, and 5, 10, 30 and 60 min after infusing study solutions using an MP150 ® data acquisition system (Biopac Systems, Santa Barbara, CA, USA).
PLASMA MDA
The level of malondialdehyde (MDA) in plasma was measured with an MDA test kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
BLOOD VISCOSITY
Venous blood samples were withdrawn and placed in a heparinized 2.5 ml syringe at different time points to test blood viscosity. Whole blood viscosity (BV), plasma viscosity (PV) and the erythrocyte aggregation index (AI) were measured with a DV-II+ cone/plate viscometer with a CPE-40 cone spindle at a shear rate of 160 /s (Brookfield, Middleboro, MA, USA). The AI was calculated as low shear whole blood viscosity/high shear whole blood viscosity. Plasma was obtained from blood samples by centrifugation at 2400 g for 10 min. Aliquots were prepared and stored at −70°C until biochemical analysis.
STATISTICAL ANALYSES
The mean ± SE of the data were calculated and analysed by one-way analysis of variance followed by a post hoc least significant difference test. A P-value < 0.05 was considered statistically significant. Statistical analyses were performed using the Statistical Package for the Social Sciences for Windows (SPSS ® version 10.0; SPSS Inc., Chicago, IL, USA).
Results

ARTERIAL BLOOD GAS AND MAP
A reduction of 45% in blood volume produced by withdrawing blood from the femoral artery led to a decrease in MAP from 12.69 ± 0.78 to 5.78 ± 0.98 kPa (P < 0.05). The MAP increased rapidly after infusion of RS, HOS1 or HOS2, but declined again 30 min after infusion, though more slowly in the HOS1 and HOS2 groups than in the RS group; MAP was significantly higher in the HOS1 and HOS2 groups than in the RS group at 5, 10, 30 and 60 min after infusion (P < 0.05). Blood pressure in the HOS2 group was significantly higher than in the HOS1 group (P < 0.01) 30 and 60 min after infusion of HOS ( Fig. 1 ).
In the HOS1 and HOS2 groups at 30 and 60 min after infusion, SaO 2 was significantly higher than before shock and after shock 60 min (P < 0.05; Fig. 2A ). In the HOS1 and HOS2 groups at after shock 60 min and 30 and 60 min after infusion, PaO 2 was significantly higher than before shock (P < 0.05; Fig. 2B ). In the RS group at after shock 60 min, PaO 2 was also significantly higher compared with before shock (P < 0.05). The SaO 2 and PaO 2 in the HOS2 group were significantly higher than in the HOS1 group (P < 0.05; Figs 2A and 2B ). In the HOS1 and HOS2 groups at after shock 60 min and 30 and 60 min after infusion, BE was significantly lower compared with before shock (P < 0.05; Fig. 2C ). In the RS group at H Xu, LC Han, W Gao et al. Effects of hyperoxygenated solution in acute haemorrhagic shock after shock 60 min, BE was also significantly lower compared with before shock. In addition, BE in the RS group was significantly lower at 60 min after infusion compared with after shock 60 min. In the HOS1 and HOS2 groups at after shock 60 min and 30 and 60 min after infusion, BL was significantly higher than before shock (P FIGURE 1: Mean arterial pressure (MAP) in rabbits subjected to acute haemorrhagic shock and subsequently given a rapid infusion of Ringer's solution (RS group) or hyperoxygenated solution (HOS) at 10 ml/kg (HOS1 group) or 20 ml/kg (HOS2 group); 11 rabbits in each group ( a P < 0.05 versus before shock; b P < 0.05 versus RS group; c P < 0.05 versus 60 min after shock; d P < 0.01 versus HOS1 group) Fig. 2D ). In the RS group at after shock 60 min, BL was also significantly higher compared with before shock (P < 0.05). In addition, BL in the RS group was significantly higher at 60 min after infusion compared with after shock 60 min (P < 0.05).
MDA CONCENTRATION
The MDA concentration in plasma was significantly elevated 60 min after acute haemorrhagic shock (P < 0.05), with no significant differences between the groups (Fig. 3) . The MDA content in the groups showed a significant increase immediately 60 min after shock, but the elevation was significantly reduced at 30 and 60 min after HOS infusion in the HOS1 and HOS2 groups compared with the RS group (P < 0.05).
BLOOD VISCOSITY
At 60 min after acute haemorrhagic shock, BV, PV and the erythrocyte AI in the HOS1 and HOS2 groups were significantly higher (P < 0.05) than before shock (Table 1 ). No significant difference was observed between the HOS1 and HOS2 groups 60 min after shock. However, in all three groups, values for the three variables were significantly lower 30 min after HOS infusion than 60 min after shock. At 60 min after HOS infusion, BV and AI in the HOS1 group and BV, PV and AI in the HOS2 group were significantly lower than corresponding values in the RS group (P < 0.05). There were no significant differences between the HOS1 and HOS2 groups in blood viscosity parameters.
Discussion
Acute haemorrhagic shock is a severe clinical condition in which a sharp drop in blood pressure occurs following traumatic and haemorrhagic bleeding. Because of the reduced O 2 supply, ischaemia may occur in the vital organs and, if timely treatment is not provided, irreversible change -possibly even death -may result. 11 In the early stages of haemorrhagic shock, movement of interstitial fluid into the blood vessels can result in haemodilution and reduction in the haematocrit. During the period of congestion in the microcirculation, body fluid leaks out of the capillaries into the tissues because of high capillary pressure and vascular permeability. The elevated osmotic pressure and viscosity of the condensing blood result in anaerobic glycolysis, an increase in FIGURE 3: Malondialdehyde (MDA) levels in rabbits before and after acute haemorrhagic shock and subsequent rapid infusion of Ringer's solution (RS group) or hyperoxygenated solution (HOS) at 10 ml/kg (HOS1 group) or 20 ml/kg (HOS2 group); 11 rabbits in each group ( a P < 0.05 versus before shock; b P < 0.05 versus RS group; c P < 0.05 versus 60 min after shock) 
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adenosine triphosphate (ATP), a decrease in pH, simultaneous reduction in red cell mobility and plasticity and, finally, increased blood flow resistance. 12 -14 All of the above haemorheological changes can lead not only to mionectic ischaemia of the microcirculation (i.e. low SaO 2 ), but also to accelerated disseminated intravascular coagulation. In addition to maintaining effective circulating blood volume in acute haemorrhagic shock, it is vital to provide an adequate and timely O 2 supply. 15, 16 In the present study, HOS infusion was found not only to provide circulatory volume but also improved hypoxia, correct acidosis and improved blood viscosity (improved MAP, BL, BE, SaO 2 and PaO 2 ).
Using photochemical techniques, O 2 can be transformed into O 3 , which readily dissolves in common medical solutions (e.g. 5% glucose solution, normal saline and lactated Ringer's solution); such solutions can be converted into HOS, in which the partial pressure of O 2 (PO 2 ) can reach 682.50 -746.25 mmHg. Freshly made HOS contains 10 -20 mg/l of O 3 17,18 and intravenous infusion of HOS can restore circulating blood volume, directly providing cells with dissolved O 2 . 19 The parameters, PaO 2 and SaO 2 , are important indicators of the amount of physically dissolved O 2 in the blood and haemoglobin O 2 saturation. 20 The results of the current study revealed that SaO 2 was significantly higher in the HOS1 group than in the RS group 30 and 60 min after HOS infusion. The PaO 2 level was significantly higher in the HOS1 group than in the RS group 30 min after infusion and PaO 2 and SaO 2 in the HOS2 group were also found to be significantly higher than corresponding values in the HOS1 group. These findings indicate that HOS could provide additional O 2 to enable the body to reduce the level of hypoxia.
The concentration of BL directly reflects the level of anaerobic metabolism, which occurs in states of low perfusion and severe shock. Some authors have reported that BL can be used to evaluate recovery from major shock. 21, 22 As early as 1995, Manikis et al. 22 proposed that prompt correction of the BL level within 24 h is important for the survival of patients undergoing critical shock. The BL level is closely related to the onset of organ failure. 23 Under normal circumstances, BL is transported through the circulatory system to the liver and kidneys where it is metabolized into glucose. BL also takes part in aerobic oxidative metabolism to produce ATP. In the present study, plasma BL was found to increase about 3.6-fold after acute haemorrhagic shock. Infusion of HOS reduced plasma BL significantly compared with the RS group. The main reason for this may be that the infusion of HOS not only restored the circulating volume and diluted the blood to help restore liver and kidney function, but also provided dissolved O 2 , which is directly involved in aerobic metabolism in cells, thus reducing the production of BL before it could cause damage. Haemorheological change is an important factor affecting blood perfusion in different tissues. Previous work and the present study showed that BV, PV and AI are all significantly increased in the early stages of shock and these increases exacerbate ischaemia and hypoxia. 24 Some studies have suggested that O 3 might reduce red cell aggregation capacity and reduce blood viscosity, which would further increase flow velocity and improve the microcirculation in ischaemic tissue. 25 Blood flow in the microcirculation depends mainly on blood viscosity; 25 thus, research has shown that lowering blood viscosity and improving infusion via the microcirculation may reduce organ damage during shock or hypoxic ischaemia. 26 In the present study, BV, PV and AI were reduced after infusion compared with • Received for publication 5 April 2011 • Accepted subject to revision 11 April 2011
• Revised accepted 4 July 2011 Copyright © 2011 Field House Publishing LLP the values 60 min after acute haemorrhagic shock. These reductions might have resulted from haemodilution, however they were greater in the HOS groups than in the RS group, which suggests that the large amount of dissolved O 2 and small amount of O 3 in HOS may play an important role in this reaction.
Malondialdehyde is produced by the peroxidation of unsaturated fatty acids when O 2 free radicals attack biofilm and is associated with the level of peroxidative damage. 27, 28 The results of the present study showed that MDA in blood plasma was significantly increased after acute haemorrhagic shock (P < 0.05) and, in the group infused with RS, subsequently showed an increasing trend. This increasing trend, however, was effectively curbed by infusion of HOS and the MDA level was significantly lower than in the RS group 30 and 60 min after HOS1 or HOS2 infusion. We believe that this effect of HOS infusion was associated with the provision of a large amount of dissolved O 2 and a small amount of O 3 , which reduced the level of ischaemia. Furthermore, it has been confirmed in many studies that HOS can activate the enzyme superoxide dismutase to generate antioxidant activity. 29 -31 There was a rapid rebound in MAP at the beginning of infusion and a decrease 30 min after the end of infusion in each group, suggesting that the crystalloid solution was redistributed. 32 The rate of decrease in MAP after infusion was slower in the HOS1 and HOS2 groups than in the RS group. The MAP after infusion was significantly higher in the HOS2 group than in the HOS1 group, which might be due to the fact that, compared with HOS1, HOS2 contains more O 2 and O 3 to rectify anoxaemic acidosis and improve microcirculation.
In conclusion, after intravenous infusion of HOS significant improvements were seen in PaO 2 and SaO 2 compared with RS infusion, and blood viscosity, acidosis and other effects of free radicals were reduced over time to prevent damage and rectify changes in vital signs.
